Two different approaches to optimize the growth conditions for high-power green light-emitting diodes (LEDs) using Ga 1−x In x N / GaN metalorganic vapor phase epitaxy are discussed. We compare typical results in terms of morphology, photo-, and electroluminescence properties. We find good results for an optimization of the lateral morphological homogeneity of the active region. An extension of growth conditions for the active layers of blue LEDs was misleading. This suggests that different emission processes are involved in blue and green LEDs. We achieve die performances of 2.5 mW at 523 nm (526 nm dominant) for low forward voltages of 3.4 V at a typical drive current of 20 mA.
The technological challenges lie in the difficulties to grow epitaxially Ga 1−x In x N alloys of high InN fraction x due to contrasting thermodynamical properties of GaN and InN and their respective precursors. Frequently, a phase separation of the alloy is observed, especially for x ജ 0.2. 5 Moreover, large lattice mismatch of GaN and InN leads to strong biaxial strain and huge polarization fields in the uniaxial crystal lattice. The challenges are compounded by a rather limited understanding of the electronic band structure and the light emission processes in the active Ga 1−x In x N alloy layers and their quantum wells (QWs). It has been proposed that Inrelated composition fluctuations could be beneficial for enhanced light emission efficiency. 2, 6 Such models, however, do not provide a quantitative description of the electronic band structure and their transition energies. In other approaches, the polarization-induced electric field is used as a free fitting parameter to simulate experimental energies with models of the quantum confined Stark effect.
7-9 Our model instead proposes to limit the energetic contribution of composition fluctuations (i.e., ±20 meV for x = 0.2), to use independently determined electric-field values and instead explore the full extend of other possible mechanisms.
In an analysis of multiple QW (MQW) structures optimized for lateral homogeneity, we previously developed a model of the electronic band structure in Ga 1−x In x N / GaN QWs in the presence of electric-field values ͑F͒ directly derived from Franz-Keldysh oscillations. 10 Interband transitions in absorption-type spectroscopy have been identified with their respective transitions in k ϫ p perturbation theory under full consideration of the quantum confined Stark effect. In this way, the strong absorption edge has been associated with the fundamental interband transition ͑e 1 hh 1 ͒ between the first quantized heavy hole ͑hh 1 ͒ and electron ͑e 1 ͒ states. The photoluminescence (PL) was found to follow e 1 hh 1 by an energetic redshift equivalent to the polarization dipole ͑FeL w ͒ (electron charge e Ͼ 0, well width L w ) across the QW in E͑e 1 hh 1 ͒ -FeL w . 11 For blue LEDs, emission from both transitions, i.e., the fundamental and the redshifted, should be possible. Indeed, some authors describe a competition between two lines. 12 For the challenge of green LEDs ͑515-565 nm͒, an optimization of the redshifted transition holds promise. For L w = 3.0 nm, x Ϸ 0.20 our model predicts emission at 525 nm with a redshift of Ϸ0.3 eV. In contrast, to obtain such an emission wavelength using e 1 hh 1 would require much higher InN fractions.
From the perspective of growth optimization to maximize the green emission, we see the following paradigms. The first is a modification to the MQW design of existing high performance blue LED dies ͑470 nm͒ by shifting the emission to longer wavelengths. The parameters known to control the emission wavelength, i.e., In source flow, growth temperature, growth pressure, V/III ratio, and variation of carrier gas flow, are being tuned to extend the emission wavelength into the green. The second approach is motivated by the insight that a different transition might be beneficial for the green emission. We therefore do not make use of the blue conditions and search a specific solution. Here, we optimize each layer in the structure to an utmost homogeneity in terms of spatially resolved PL, x-ray diffraction pattern, and surface morphology on the nanometer scale. We here compare results of atomic force microscopy (AFM), PL, and device performance for optimization under both paradigms.
LED epiwafers have been grown by metalorganic vapor phase epitaxy in an Emcore D-180 Spectra GaN rotating disk multiwafer system using trimethyl and diethyl adducts of Ga, In, Al, as well as ammonia. There is no intentional doping in the active region and carrier injection layers are all nominally identical for n and p, respec-tively. Samples are characterized at various stages of the process, i.e., prior to deposition of a p side, the full p-n structure in epiform, and fully processed and separated bare die mounted on a TO-18 header without coating. The final LED dies are 400ϫ 400 m 2 along the edges. We distinguish three classes of growth conditions; A, B, and C, that represent relevant stages in both implementation paradigms. Condition A is the result of a straightforward extension of the 470 nm blue epi using experimental tuning dependencies of the above parameters. Conditions B and C are an early (B) and advanced (C) development stage under the paradigm of layer-by-layer optimization for homogeneity. The data presented are characteristic for each class of growth conditions.
Lateral morphological homogeneity of the MQW active region after growth of the last barrier are assessed by an AFM surface height profile (Fig. 1) . A p side is not present. Areas of 5 ϫ 5 m 2 for conditions A, B, and C are shown using very different full-scale height ranges of 50 nm (A), 10 nm (B), and 2 nm (C). Characteristic is the density and size of dark appearing pits. These have previously been identified as V defects originating at the intersection of Ga 1−x In x N wells and threading dislocations.
14 Along the sequence of conditions, the density of pits decreases [16 ϫ 10 8 cm −2 (A), 8ϫ 10 8 cm −2 (B), and 3.6ϫ 10 8 cm −2 (C), as counted using the given height scales] and the roughness decreases most notably from 15.4 nm root-mean square (A), over 0.96 nm (B) to 0.14 nm (C). The morphology in high performing 470 nm blue LEDs is comparable to the data under Condition A. Apparently, tremendous improvements in growth morphology over that of high performing blueemitting epi is possible within our optimization scheme.
The luminescence properties assessed by PL (T = 300 K, 325 nm excitation, and P = 1.8-2.0 mW) of the same samples and locations ͑±5 mm͒ are given in Fig. 2 (labeled MQW, no p-side present). (All PL traces within the same panel use the same signal scale but different panels use different scales.) Under Condition A, a broad band stretches from 500-700 nm with a full width at half maximum ͑␦͒ of 120 nm. Fringes of thickness interference are superimposed. Under Condition B, the spectrum is dominated by a strong blue line at 460 nm. Green emission appears only as a lowenergy tail ͑␦ =70 nm͒. In Condition C, finally, all emission occurs in the green, yellow, and red spectral ranges and ␦ is rather high with 130 nm.
The usefulness of any of the growth conditions for highpower green LED dies, however, cannot be judged until these layers are implemented in full LED structures including highly doped n and p layers. The PL of samples representing implementations of conditions A, B, and C in the active regions of full LEDs are included in Fig. 2. (labeled LED). Little variation in peak position and bandwidth is observed under A (peak near 570 nm and ␦ = 120 nm), In B, the peak has strongly shifted toward the green at 520 nm at a constant ␦ = 70 nm. Here, apparently the presence of the p side plays an important role, and an interpretation of the MQW alone would have been misleading. In C, however, we observe a strong narrowing of the emission band to ␦ = 35 nm. Again, optimization to the PL of the MQW alone would have excluded such a growth condition from the development effort. The line narrowing after capping with a p side is explained by lateral charge transfer in the conducting n and p regions to compensate for spatial variations of the electrostatic and piezoelectric properties of the active region. This again is a manifestation of the strong electric fields controlling the electronic band structure and emission spectra.
Finally, electroluminescence (EL) is shown for the full LED structure (labeled EL LED). Under A (peak 503 nm and ␦ =32 nm), emission is significantly shifted to the shorter wavelength versus the PL in a bare MQW and LED. Despite the apparent insensitivity of PL to the presence of the p side, electrical carrier injection in EL leads to entirely different results. This is possible because photoexcitation leads to the carrier injection of both polarities from the same side, while in electroinjection carriers arrive from opposite sides. 11 In B
(peak 515 nm and ␦ =34 nm) and C (peak 525 nm and ␦ = 33 nm), however, the EL emission closely tracks the PL in the LED structure in peak and linewidth resulting in the desired EL emission near 520 nm. Together these results provide a strong basis for the development of green LED dies. We specifically find here that Condition C, based on morphological and structural optimization of every component, provides the key for highest spectral performance in the green range.
An optimization of the nitride epitaxy along the above outlined considerations has led us to the development of high brightness 525 nm green LED dies with the following characteristics after mesa etching, metalization, thinning, separa- tion, and mounting on heat sinks. The spectral emission as a function of drive current I f is given in Fig. 3(a) . Within a current range of 5 mA to 30 mA, the total variation of the dominant wavelength is 11 nm. Light output power versus I f is shown in Fig. 3(b) together with the external quantum efficiency and the resulting forward voltage V f . For lowpower applications, I f = 5 mA is typical. The present unencapsulated design delivers a radiant flux of 0.8 mW at V f = 3.0 V, well within the capacity of cellular phone batteries. At 20 mA and V f = 3.4 V, a radiant flux of 2.5 mW is achieved. The peak wavelength is 523 nm ͑␦ =32 nm͒ and the dominant wavelength 526 nm. The limited external quantum efficiencies of about 5.3% reveal the great potential for the improvement of light generation and extraction. After full encapsulation, we expect these dies to deliver a radiant flux of 5.0 mW at 20 mA and a luminosity of 200-250 mcd based on the experience with other die material.
In conclusion, we discussed the benefits of two different approaches for the optimization of high-power 525 nm green LED dies. While high performance blue LEDs are feasible with highly inhomogeneous epitaxial material, green LEDs benefit from an optimization to utmost lateral homogeneity. Our analytical model suggests that different interband transitions are involved in our blue and green LEDs. Each of those can be optimized by different optimization schemes. In an extrapolation of the current findings, we expect overall green die performance to improve once threading dislocation densities and associated lateral inhomogeneities can be further reduced. Our results also prove the high relevance of a detailed modeling of the electronic band structure and the radiative mechanisms in these systems to further advance device performance in the green and deep green spectral ranges. 
